Diabetes is associated with increased basal hypothalamopituitary-adrenal (HPA) activity and impaired stress responsiveness. Previously, we demonstrated that the HPA response to hypoglycemia is significantly impaired in diabetic rats. In this study our goals were to 1) differentiate between the effects of hyperinsulinemia and those of hypoglycemia per se, and 2) establish whether diabetes lowers peak stress responses. Normal and streptozotocin-diabetic rats were subjected to hyperinsulinemic-euglycemic glucose clamps to evaluate central and peripheral responses. These were compared with peak ACTH and corticosterone responses to restraint and hypoglycemia. Hyperinsulinemia increased CRH and vasopressin mRNA, and plasma ACTH and corticosterone in normal and diabetic rats. In normal animals, insulininduced activation of ACTH and corticosterone was lower than the responses during either restraint or hypoglycemia.
D IABETES IS A metabolic disorder that is associated
with dysregulation of a number of systems within the body, including cardiovascular disorders and altered immune and central nervous system functions. One of these central nervous system dysfunctions includes activation of the hypothalamo-pituitary-adrenocortical (HPA) axis in uncontrolled or poorly controlled diabetes (1) (2) (3) (4) (5) . We have previously demonstrated that basal HPA function is up-regulated in streptozotocin (STZ)-diabetic rats and that this is associated with increases in hypothalamic CRH mRNA and plasma ACTH and corticosterone levels (3) . Interestingly, elevated basal HPA function in diabetes is also associated with increased hippocampal mineralocorticoid receptor (MR) mRNA expression, a major source of inhibitory input to the HPA axis. This suggests that increased central drive at or above the level of the hypothalamus is responsible for HPA hyperactivation in diabetes. More importantly, our laboratory also demonstrated that activation of the HPA axis in response to various forms of stress and, more specifically, in response to 20 min of restraint and to insulin inducedhypoglycemia was greatly diminished in diabetic animals (6, 7) . Defects in stress responsiveness in diabetes appear to be the result of a combination of decreased tissue sensitivity to secretagogues as well as an impaired capacity to stimulate the axis that may stem from an inability to decrease hippocampal MR expression and thus to relieve inhibitory tone to the axis. In the hypoglycemia studies it was difficult to distinguish between effects that were the result of hyperinsulinemia and those that were attributable to hypoglycemia alone. We demonstrate in this study that insulin itself can have profound effects on the HPA axis, both centrally and peripherally, that are independent of hypoglycemia. More interestingly, by comparing the peak pituitary-adrenal responses to various activators of HPA function (hyperinsulinemia, restraint, and hypoglycemia), we show that defects in the HPA axis of diabetic animals result in a system that is incapable of responding appropriately to a stress challenge because its peak response plateaus at a significantly lower level than that in normal animals.
The central interactions between insulin and the HPA axis have primarily been examined with regard to energy homeostasis. In general, it is believed that glucocorticoids establish a deleterious environment wherein obesity and insulin resistance can develop. Centrally, insulin primarily acts to suppress food intake and prevent the onset of obesity (8) . In a study that examined the central role of insulin in STZ-diabetic rats, it was shown that insulin can also increase the expression of the anorexigenic neuropeptide, CRH, in the hypothalamus (9) . More specific interactions of insulin with the HPA axis in the absence of hypoglycemia have not been investigated.
Limited studies have examined the effect of insulin on pituitary-adrenal function in human subjects. FruehwaldSchultes et al. (10) demonstrated that iv infusion of high doses of insulin to human subjects in the presence of euglycemia increases plasma ACTH and cortisol concentrations. Conversely, when a lower dose of insulin was used, pituitaryadrenal activity remained unchanged (11) . These studies suggest that the stimulatory actions of insulin on HPA function may only be effective when insulin concentrations are high.
As mentioned above, our own work has shown that insulin administration has profound effects on the HPA axis of diabetic animals in regulating both basal (3) and activated function (6) . Thus, the aims of this study were 1) to determine which aspects of the HPA response to hypoglycemia are the result of hyperinsulinemia and which are due to hypoglycemia per se, and 2) to ascertain whether the capacity to adjust the magnitude of the HPA response to various stressors is altered in diabetes.
Materials and Methods

Experimental animals and design
Male Sprague Dawley rats (Charles River, Québec, Canada), initially weighing 325-375 g, were individually housed in opaque cages in temperature (22 C)-and humidity-controlled rooms. The animals were fed rat chow (Ralston-Purina Co., St. Louis, MO) and water ad libitum and were acclimatized to a 12-h light cycle (lights on between 0700 -1900 h) for a period of 1 wk before experimental manipulation. All experiments were approved by the animal care committee of University of Toronto and were conducted in accordance with regulations set by the Canadian Council for Animal Care.
Euglycemic clamp studies
Two groups of rats were used: normal controls (n ϭ 6) and untreated STZ-induced diabetic (n ϭ 6) rats. On d 0, catheters were placed into the left carotid artery and right jugular vein, as described previously (6) . Diabetes was induced at the end of surgery via a single injection of STZ (65 mg/kg; Sigma-Aldrich Corp., St. Louis, MO) dissolved in sterile saline, through the penile vein. Control animals received a saline injection under similar conditions. Animals treated with STZ were given 10% sucrose water for the first 24 h after STZ injection to prevent hypoglycemia (12) . This is a model of moderate diabetes characterized by fasting hyperglycemia, normal fasting plasma insulin, and impaired plasma insulin responses after marked hyperglycemia (534 Ϯ 2.4 mg/dl) (13) . Blood glucose was monitored twice daily with a glucometer (Glucometer Elite 3903, Bayer, Inc., Etobicoke, Canada) in all animals to ensure that fasting normoglycemia was maintained in control animals and that adequate hyperglycemia (Ͼ15 mm) was achieved in the uncontrolled diabetic group. The contents of the catheters were aspirated and reprimed with a 60% polyvinylpyrolidone solution (wt/vol; 1000 U/ml heparin) on d 2, 4, and 6 to maintain catheter patency and to acclimatize the rats to being handled.
On d 7, the rats were fasted for 24 h before the start of the experiment. On d 8, the experiments were carried out in unrestrained, conscious animals. The catheters were extended outside the cage to minimize investigator interaction and were connected to infusion pumps. The animals were left undisturbed for 2.5 h before basal hormone samples were collected (1030 and 1100 h), just before the start of the insulin infusion (1100 h). The rats then underwent a hyperinsulinemic-euglycemic glucose clamp. A constant insulin (50 mU/kg⅐min regular porcine insulin; Eli Lilly & Co., Indianapolis, IN) and variable dextrose (45%; Abbott Laboratories Ltd., Montréal, Canada) infusion through the jugular vein catheter were used to maintain plasma glucose levels at 6.7 Ϯ 0.6 mm for 130 min. Large doses of insulin were used because even in moderately diabetic animals these doses were necessary to induce hypoglycemia (6, 14, 15) . The concentration of glucose was determined every 5 min from a sample of plasma (10 l) using a glucose analyzer II (Beckman Coulter, Palo Alto, CA). Arterial blood samples were obtained from the carotid catheter at regular time intervals throughout the glucose clamp. For ACTH, glucagon, and insulin measurements, blood was collected in chilled tubes containing EDTA (Sangon Ltd. Canada, Scarborough, Canada) and Trasylol (Bayer, Inc.). Blood samples for catecholamine determinations were collected in chilled tubes containing 1.5 mg reduced glutathione (Roche, Mannheim, Germany) and 5 l EGTA (Sigma-Aldrich Corp.). Serum was collected for corticosterone measurements. Plasma was aliquoted into storage tubes and stored at Ϫ20 C (or Ϫ80 C for catecholamine determination). After removal of plasma, red blood cells were resuspended in heparinized saline (10 U/ml) and reinfused after each blood sampling to prevent volume depletion and anemia. Hematocrit, determined at the beginning and the end of the experiment, was maintained above 35%. At the end of the experiment, the rats were euthanized by decapitation. Trunk blood samples were collected, and brains and pituitary glands were removed and stored at Ϫ80 C.
In situ hybridization
The method of in situ hybridization has been described in detail previously (16) . Briefly, coronal cryosections (12 m) were obtained through selected hypothalamic (bregma Ϫ2.00 mm) and hippocampal (bregma Ϫ3.80 mm) regions according to the stereotaxic coordinates of Paxinos and Watson (17) . The sections were then thaw-mounted onto poly-l-lysine (Sigma-Aldrich Corp.)-coated slides, fixed for 5 min in 4% phosphate-buffered paraformaldehyde, rinsed in PBS (2 min), dehydrated in an ethanol series (70% and 95%), and stored in 95% ethanol at 4 C until use.
The 45-mer antisense CRH (bases 536 -580) (18) , AVP (bases 588 -632) (18), proopiomelanocortin (POMC; bases 572-616) (18) , MR (bases 2942-2986) (19) , and glucocorticoid receptor (GR; bases 1321-1365) (20) oligonucleotide probes were synthesized by Dalton Chemical Laboratories, Inc. (Toronto, Canada). The probes were labeled using terminal deoxynucleotidyl transferase (Pharmacia Biotech, Baie d'Urfé, Canada) and [ 35 S]deoxy-ATP (1300 Ci/mmol; NEN Life Science Products, DuPont Canada, Mississauga, Canada) to a specific activity of 1.0 ϫ 10 9 cpm/g. Labeled probe in hybridization buffer (180 l) was applied to each slide at a concentration of 1.0 ϫ 10 6 cpm/l. Slides were incubated overnight in a moist chamber at 42.5 C. After washing in 1ϫ standard saline citrate (1ϫ SSC; 20 min at room temperature) and 1ϫ SSC (35 min at 55 C), the slides were rinsed twice with 1ϫ SSC and once with 0.1ϫ SSC at room temperature, then dehydrated in 70% and 95% ethanol (1 min each), air-dried, and exposed to autoradiographic film (Biomax, Eastman Kodak Co., Rochester, NY). The films were developed using standard procedures (exposure times: CRH, 21 d; AVP, 2 d; POMC, 2 h; MR, 14 d; GR, 28 d).
Because tissues obtained from the current study were collected after a euglycemic clamp, we used slides containing select hypothalamic, hippocampal, and pituitary tissue sections collected from a previous basal study (3) and simultaneously ran new in situ hybridizations using these slides and those collected from the current study to determine the molecular HPA responses to hyperinsulinemia-euglycemia. The animals from which the basal tissues were collected received identical treatment regimens as described above, except they were euthanized between 1000 -1100 h on d 8. By doing this, we were able to compare basal neuropeptide and corticosteroid receptor mRNA expression with that after the euglycemic clamp to ascertain the effects of hyperinsulinemic-euglycemia.
Plasma hormone and catecholamine determination
Plasma insulin was measured using a modified version of the insulin RIA by Herbert et al. (21) . Plasma ACTH (Diasorin, Inc., Stillwater, MN), corticosterone (ICN Pharmaceuticals, Inc., Orangeburg, NY), and glucagon (Diagnostic Products Corp., Los Angeles, CA) concentrations were determined using commercially available RIA kits.
Plasma epinephrine and norepinephrine concentrations were determined using the simultaneous single isotope derivative radioenzymatic assay technique described previously (14, 22) .
Data analysis
For in situ hybridizations, brain sections were processed simultaneously for each probe to allow direct comparison between treatment groups. Six to eight sections were analyzed from each animal for each probe based on visual inspection of the desired region. The sections were exposed together with 14 C-labeled standards (American Radiochemical, St. Louis, MO) to ensure analysis in the linear region of the autoradiographic film. The relative OD (ROD) of the signal on autoradiographic film was quantified, after subtraction of background values, using a computerized image analysis system (Imaging Research, St. Catherines, Canada). Hormone data are presented as the mean Ϯ sem, and in situ hybridization data are expressed as the ROD (mean Ϯ sem). Statistical analysis was performed by one-or two-way ANOVA for independent or repeated measures, as appropriate, using Statistica 6.0 statistical software (StatSoft, Tulsa, OK), with P Ͻ 0.05 set as the criterion for statistical significance.
Results
Body weight and plasma hormone and catecholamine concentrations
Although body weights did not differ significantly between treatment groups before surgery, 8 d after the induction of diabetes, STZ-diabetic rats exhibited a significant decline in body weight (P Ͻ 0.03; normal, 348.0 Ϯ 13.2; STZ, 298.6 Ϯ 14.1 g). Hematocrit levels were maintained above 35% during the clamp (normal, 42.4 Ϯ 2.3 STZ, 40.6 Ϯ 2.3%) to prevent hemodynamic changes resulting from volume depletion and anemia.
Basal fasting plasma glucose concentrations were increased (P Ͻ 0.01) by approximately 4-fold in diabetic rats compared with normal animals (normal, 5.4 Ϯ 0.3; STZ, 21.1 Ϯ 1.0 mm). Plasma glucose levels during the euglycemic clamp are shown in Fig. 1 . The break in Fig. 1 indicates the period during which we ensured that plasma glucose levels were matched between the two treatment groups before blood sampling was resumed. Although basal plasma glucose levels were higher in diabetic animals, they were maintained at similar levels to normal controls during the euglycemic clamping period from 80 -210 min.
Basal plasma ACTH levels (normal, 64.9 Ϯ 4.5; STZ, 53.6 Ϯ 4.4 pg/ml) were not significantly different between normal and diabetic rats. However, basal plasma corticosterone concentrations were significantly (P Ͻ 0.05) elevated in diabetic compared with control animals (normal, 59.2 Ϯ 11.3; STZ, 140.9 Ϯ 42.0 ng/ml). During the hyperinsulinemic-euglycemic clamp, plasma ACTH and corticosterone concentrations rose significantly (P Ͻ 0.05) in both normal and diabetic rats and peak levels were similar in the two groups (Fig. 2 ). In comparison with other activators of HPA function, such as restraint (7) and insulin-induced hypoglycemia (6), we noted that the magnitude of the pituitary-adrenal response to hyperinsulinemia-euglycemia was significantly less in nondiabetic animals ( Fig. 3 ). In contrast, the pituitary-adrenal responses of diabetic animals to all three of these stressors were similar in magnitude (Fig. 3) . These effects appear to be specific to the infusion of insulin and are not the result of repeated sampling, because the same sampling protocol using saline infusion instead of insulin did not significantly affect corticosterone levels at any of the sampling points (0, 30, 60, 80, 100, 150, and 210 min: normal, 47.9 Ϯ 9.6, 43.1 Ϯ 4.5, 65.9 Ϯ 1.8, 68. 
FIG. 2. Changes in plasma ACTH (top panel)
and corticosterone (bottom panel) concentrations from basal levels in normal (solid line; n ϭ 6) and diabetic (dotted line; n ϭ 6) rats during the hyperinsulinemiceuglycemic glucose clamp. Results are expressed as the mean Ϯ SEM. No significant differences were observed between the responses of normal and diabetic animals to hyperinsulinemia-euglycemia.
Basal plasma glucagon concentrations were significantly higher in diabetic animals compared with controls (P Ͻ 0.01; Table 1 ). During the clamp, plasma glucagon levels were suppressed compared with baseline levels in both normal and diabetic animals (P Ͻ 0.05; Table 1) .
No significant differences were observed in plasma catecholamine concentrations between the normal and diabetic groups either at baseline or during the clamp (Table 2) . However, infusion of high doses of insulin while maintaining euglycemia did increase (P Ͻ 0.02) plasma epinephrine levels in both normal and diabetic animals by the end of the glucose clamp (Table 2) .
Fasting plasma insulin levels were not significantly different between normal and diabetic animals ( Table 3) . Insulin levels achieved during the euglycemic clamping period (Table 3) were also similar between the two treatment groups and to those obtained previously by our laboratory during hypoglycemic glucose clamps in identically treated groups of animals (6).
Hypothalamic and pituitary neuropeptide expression
CRH mRNA was expressed throughout the hypothalamic paraventricular nucleus (PVN), with the highest abundance in the medial parvocellular region (Fig. 4) . Diabetes resulted in significantly (P Ͻ 0.05) elevated basal CRH mRNA levels compared with those in nondiabetic controls. After 2 h of hyperinsulinemia-euglycemia, hypothalamic CRH mRNA levels rose significantly (P Ͻ 0.01) in both control and diabetic animals. However, CRH mRNA levels increased almost 4-fold in normal controls, whereas levels rose by less than 2-fold in diabetic animals. CRH mRNA levels during hyperinsulinemia-euglycemia were not significantly (P ϭ 0.36) different between normal and diabetic animals.
Arginine vasopressin mRNA was expressed at high levels in magnocellular subfields of the PVN and supraoptic nucleus (SON) of all groups. No significant differences in basal AVP mRNA levels were observed between normal and diabetic rats (Table 4) . After 2 h of hyperinsulinemia-euglycemia, AVP mRNA expression in the PVN and SON rose significantly (P Ͻ 0.02) in both treatment groups compared with their respective baseline levels.
Expression of POMC mRNA was measured in the anterior pituitary. No significant differences in POMC mRNA expression were observed between the two groups under basal conditions (Table 4) . Two hours of hyperinsulinemia-euglycemia resulted in significantly (P Ͻ 0.001) increased POMC mRNA content in both groups compared with baseline levels.
Corticosteroid receptor expression
MR mRNA expression was localized to limbic structures within the rat brain, particularly the CA1/2, CA3, and CA4 fields of the hippocampus and the dentate gyrus (Fig. 5A) . Basal MR mRNA levels were significantly (P Ͻ 0.01) elevated throughout the hippocampus in uncontrolled diabetic animals. After 2 h of hyperinsulinemia-euglycemia, MR mRNA expression increased in normal control animals (P Ͻ 0.01), but not in diabetic animals.
GR mRNA expression was detected in the limbic system (CA1, CA2, CA3, and CA4 fields of the hippocampus and the dentate gyrus), PVN, and anterior pituitary. No significant changes in GR mRNA expression were observed between normal and diabetic rats under basal conditions. However, after 2 h of hyperinsulinemia-euglycemia, GR mRNA expression increased significantly (P Ͻ 0.01) in the PVN of normal animals and in the anterior pituitary of both normal
Comparison of peak ACTH (top panel) and corticosterone (bottom panel) responses of normal and diabetic rats to three different stressors: a mild activator of HPA function, hyperinsulinemiaeuglycemia (Ⅺ; n ϭ 6 for normal rats; n ϭ 6 for diabetic rats), and the more potent activators, insulin-induced hypoglycemia (f; n ϭ 6 for normal rats; n ϭ 5 for diabetic rats) (6) and restraint stress (u; n ϭ 6 for normal rats; n ϭ 6 for diabetic rats) (7). *, P Ͻ 0.01; †, P Ͻ 0.05 (vs. normal, hyperinsulinemia-euglycemia). Normal animals exhibit graded responses to stimuli of varying intensities whereas the response in diabetic animals seem to plateau at the same low level for all stimuli. and diabetic animals (Fig. 5B) . There was no effect of hyperinsulinemia-euglycemia on GR mRNA levels in the hippocampus or dentate gyrus (Table 5 ).
Discussion
We previously demonstrated that the pituitary-adrenal response to hypoglycemia (6) was significantly blunted in uncontrolled STZ-diabetic rats despite elevated basal HPA function. Because insulin itself can stimulate the HPA axis, it was difficult to establish which aspects of the HPA response were attributable to the rise in plasma insulin levels and which were attributable to hypoglycemia in that earlier study. In the current study we showed that a rise in plasma insulin appears to moderately stimulate the axis of both normal and diabetic animals. These data, when examined in conjunction with results from our previous studies (6, 7) , suggest that the ability to generate an appropriate stress response is compromised in uncontrolled STZ-diabetes, and this impairment may be centrally mediated.
Consistent with our previous findings, basal plasma corticosterone levels were significantly increased in diabetic rats. Although we previously reported increased basal plasma ACTH concentrations in uncontrolled STZ-diabetic rats (3, 6, 7), this was not observed in the present study. Such discrepancies in ACTH levels have been reported in studies from other laboratories as well (23) . The pulsatile nature of ACTH release can increase signal noise, which can mask subtle differences in corticotroph activity. Although the experiments were performed at the same time of day to control for this variable, without taking more frequent samples we cannot be certain that we were not sampling during one of the peaks or troughs. Thus, it is not uncommon to find activated HPA function in the absence of altered plasma ACTH concentrations. Hence, it is generally accepted that a more reliable indicator of increased HPA function is the plasma corticosterone concentration. We previously reported that chronic treatment of diabetic animals with physiological doses of insulin lowered basal plasma ACTH and corticosterone concentrations to normal. In contrast, the current study showed that acutely administering supraphysiological doses of insulin mildly activated the axis. In human studies performed by Fruehwald-Schultes et al. (11) , it was noted that the stimulatory effects of insulin on the HPA axis occurred only when high doses of insulin were administered. No such effects were observed when normal physiological doses of insulin were administered. Similarly, our data sug-
FIG. 4. Computerized images and densitometric analysis after in situ hybridization of CRH mRNA in normal and diabetic rats under basal (Ⅺ) conditions and after a hyperinsulinemic-euglycemic clamp (f).
Results are expressed as the mean Ϯ SEM ROD. *, P Ͻ 0.01 vs. basal. †, P Ͻ 0.05 vs. normal, basal. Basal CRH mRNA is elevated in diabetic animals and hyperinsulinemia-euglycemia increases hypothalamic CRH mRNA levels in both normal and diabetic animals. Results are expressed as the mean Ϯ SEM. Plasma norepinephrine levels were not altered during the clamp, but epinephrine concentrations rose significantly in both normal and diabetic animals.
a P Ͻ 0.02 vs. normal (0 min). b P Ͻ 0.01 vs. diabetic (0 min).
gest that when insulin is administered at physiological doses, either the restoration of plasma insulin levels or the restoration of blood glucose concentrations was sufficient to normalize pituitary-adrenal function in diabetic animals. However, when much larger doses of insulin were used, as in the current study, the axis was stimulated. Plasma ACTH and corticosterone concentrations increased moderately in both normal controls and diabetic rats during the hyperinsulinemic-euglycemic clamp. This observation is consistent with reports in human studies (10, 11) . In the present study, activation of the pituitary-adrenal axis during hyperinsulinemia-euglycemia was slightly delayed in diabetic animals. This may be due to a decrease in pituitary and adrenal sensitivities (7) . Peak ACTH and corticosterone responses to stimuli of varying intensities (hyperinsulinemia being a mild activator of HPA function, and restraint and hypoglycemia being more potent activators) were also compared, which highlight the magnitude of the hormonal responses to these different challenges. Normal animals responded to more potent stimuli with much greater HPA activation, whereas diabetic animals responded to all three stimuli with a similar degree of activation. Although diabetic rats responded similarly to normal animals to the milder stimulus of hyperinsulinemiceuglycemia, they appeared to lack the ability to generate greater responses to more potent stimuli. In this regard, the system is impaired in the diabetic group, and we suggest that perhaps the pituitary-adrenal response of diabetic animals has already reached a maximum following a mild challenge, such that when the system is presented with a more potent stress challenge, these animals are unable to drive the HPA system further. The adrenocortical response to stress appeared reduced in uncontrolled diabetic animals despite the fact that basal plasma corticosterone levels were higher in this group. In another study, in which we normalized the hyperglycemic condition in diabetic rats with phloridzin, we observed much more robust pituitary-adrenal responses to hypoglycemia even when basal plasma corticosterone concentrations remained elevated (24) . Thus, the potential to generate a much greater response remains intact in diabetic animals despite elevated basal pituitaryadrenal activity. The impaired ability of diabetic animals to appropriately grade the HPA response to the intensity of a stressor is a novel observation that may have important impli- cations in how patients with diabetes adapt to different stressors, especially to the metabolic stress of hypoglycemia. Basal plasma glucagon concentrations were significantly elevated in diabetic animals compared with controls. As expected, during the euglycemic clamping period, glucagon levels gradually decreased and were significantly different from basal concentrations by the end of the clamp. The gradual decline in glucagon levels can be attributed to the suppressive effects of exogenous insulin on glucagon secretion from the pancreatic ␣-cells (25, 26) .
No differences in plasma catecholamine levels were observed between normal and diabetic animals either at baseline or during the euglycemic clamp. The variability in the responses of diabetic animals may be attributed to the fact that some of these animals reached their peak levels at an earlier time point than others. The gradual rise in plasma epinephrine levels during the clamp may be attributed to either the increase in CRH (27) or the effects of hyperinsulinemia in stimulating catecholamine secretion (28, 29) . Brown et al. (27) showed that CRH injected into the brains of rats produced increases in plasma epinephrine. Kern et al. (28) and Rashid et al. (29) demonstrated that during periods of hyperinsulinemia, plasma epinephrine concentrations could rise, even in the presence of euglycemia. In the study by Rashid et al. (29) , it was shown in dogs that during stress (an intracerebroventricular infusion of carbachol), when normoglycemia was maintained using a hyperinsulinemiceuglycemic glucose clamp protocol, epinephrine and norepinephrine levels increased with increasing doses of insulin, suggesting that insulin may play a role in stimulating catecholamine release. From our studies it is difficult to determine which of the two factors, CRH or insulin, predominates in stimulating epinephrine release or whether it is due to a combination of both hormones.
The expression of CRH mRNA in the hypothalamic PVN increased in both normal and diabetic animals after exposure to hyperinsulinemia, although the increase in diabetic animals was smaller (Ͻ2-fold) than that in normal animals (4-fold). Increases in hypothalamic CRH mRNA after the central administration of insulin have been reported previously (30) . Although the mechanism by which insulin acts to increase CRH expression is not known, it is thought to be indirect and involve other hypothalamic areas (30) . Physiologically, a large increase in plasma insulin levels may increase the synthesis and presumably the secretion of ACTH secretagogues to prepare the body for an impending fall in blood glucose. More importantly, the release of glucocorticoids may be important in increasing the body's sensitivity to other counterregulatory hormones (31) .
To our knowledge, little information is available concerning the effects of high insulin levels on hypothalamic AVP expression. High insulin concentrations increased AVP mRNA expression in both the PVN and SON of normal and diabetic rats despite plasma glucose levels being maintained at euglycemia. Although insulin receptors have been identified in a number of hypothalamic regions, the mechanism of interaction between insulin and AVP has yet to be determined.
POMC mRNA expression increased in both nondiabetic and diabetic rats after 2 h of hyperinsulinemia-euglycemia. Kim et al. (32) showed that insulin can stimulate pituitary POMC mRNA expression in STZ-diabetic animals. We have now shown that insulin can do this in the absence of hypoglycemia. Our data suggest that a large rise in plasma insulin increases all components of the HPA axis, and this mechanism appears to be centrally mediated at the hypothalamic level. This is consistent with findings that insulin increases POMC mRNA expression in corticotrophs (32) . However, this effect may, again, be dose-dependent. At this point, the mechanisms underlying the actions of insulin on the HPA axis at these different doses are still unclear, and additional studies are required.
Interestingly, hippocampal MR mRNA levels rose significantly after 2 h of hyperinsulinemia-euglycemia in normal rats, but not in diabetic rats. Changes in hippocampal MR mRNA have been shown to occur as early as 30 min after the onset of a stress challenge (33) . We previously suggested that a decrease in hippocampal MR mRNA expression may be required for full activation of the HPA axis in response to insulin-induced hypoglycemia (6) . The increase in hippocampal MR mRNA expression in nondiabetic rats after exposure to hyperinsulinemia-euglycemia may be a mechanism to prevent additional activation of the system, because the rise in plasma insulin concentrations was not associated with a decline in plasma glucose levels. This would correlate well with what was observed for plasma ACTH and corticosterone levels. Compared with the robust pituitary-adrenal response observed during a hyperinsulinemic-hypoglycemic glucose clamp, plasma ACTH and corticosterone levels only increased modestly in the presence of euglycemia in normal animals. Conversely, the fact that hippocampal MR mRNA levels did not change in diabetic rats after 2 h of hyperinsulinemia-euglycemia may partially explain why plasma ACTH and corticosterone concentrations reached similar levels in response to different stress challenges. The absence of changes in hippocampal MR expression in diabetic animals may preclude appropriate activation of the axis during periods of stress. The data clearly demonstrate that diabetic animals exhibit impaired adaptive abilities of their central MR system in response to stress. This may play a very important role in determining appropriate HPA responsiveness to a given stress challenge.
In our studies we primarily noted changes in hippocampal MR expression during various stress challenges. Although hippocampal MRs have a similar affinity for both aldosterone and corticosterone, there is a 100-to 1000-fold greater concentration of corticosterone over aldosterone in the circulation. As such, Results are expressed as the mean Ϯ SEM ROD. Hippocampal GR mRNA levels were not affected by hyperinsulinemia-euglycemia.
hippocampal MRs are believed to be more responsive to changes in glucocorticoid, rather than mineralocorticoid, concentrations. Moreover, the specificity of renal MRs for aldosterone is conveyed by the expression of 11␤-hydroxysteroid dehydrogenase-2, which acts to inactivate circulating glucocorticoids (34) . This enzyme is not expressed in the hippocampus. Instead, another isoform, 11␤-hydroxysteroid dehydrogenase-1, acts to locally amplify the glucocorticoid signal by converting the inactive glucocorticoid to its active counterpart (34) . Although studies have shown that plasma aldosterone levels do increase during hypoglycemia (35, 36) , to our knowledge, the effects of this increase on hippocampal MR function have not been investigated. Although this would be an interesting question to explore, we could not incorporate this parameter into our sampling protocol, because the additional blood sampling can potentially affect other hemodynamic parameters that may ultimately influence HPA output. Hence, aldosterone was not examined in our studies. With respect to electrolytes, we previously determined plasma osmolarity both under baseline conditions (0 min) and during hypoglycemia (80 and 210 min), and they revealed no differences (normal: 0 min, 289.7 Ϯ 3.7; 80 min, 279.5 Ϯ 4.3; 210 min, 300.2 Ϯ 11.5; diabetics: 0 min, 298.5 Ϯ 5.5; 80 min, 2280.8 Ϯ 16.7; 210 min, 276.7 Ϯ 6.4 mosmol) (our unpublished observations). In this regard, we do not believe that changes in osmolarity during stress are the cause of these changes in hippocampal MR mRNA levels.
In response to hyperinsulinemia-euglycemia, GR mRNA expression increased in the PVN and anterior pituitary of both normal and diabetic rats. Changes in GR mRNA in these areas after insulin treatment have been previously reported (3). It appears that insulin itself is capable of regulating GR mRNA expression, at least at the level of the PVN and anterior pituitary gland. We are currently unaware of any studies that have examined the mechanism by which this regulation occurs. The increase in GR mRNA expression after hyperinsulinemia-euglycemia may also contribute, at least in part, to averting additional activation of the HPA axis. Our previous study demonstrated that 4 d of insulin treatment caused an increase in GR mRNA expression in the anterior pituitary of diabetic rats and a corresponding decrease in ACTH and corticosterone. In the current study, infusion of pharmacological doses of insulin to both normal and diabetic animals revealed that insulin, given over even a short period of time, can cause an increase in GR mRNA expression in the anterior pituitary. We speculate that the increase in GR mRNA in these specific regions may aid in curtailing HPA activation, because the perceived rise in plasma insulin was not associated with a decline in plasma glucose levels. In the case of diabetic animals receiving insulin treatment, we previously suggested that the increase in pituitary GR mRNA may contribute to an increase in GR protein expression and, thus, normalization of pituitary-adrenal activity in diabetic animals. In the current study a similar argument can be made. With hyperinsulinemia-hypoglycemia, no differences in GR mRNA expression were observed, whereas hyperinsulinemia, in the absence of hypoglycemia, caused changes in GR mRNA expression. The data suggest that corticosteroid receptors as a whole may adjust their expression level in accordance with the type of stress challenge to modulate the output of the HPA axis. Because both the PVN and anterior pituitary have been shown to express insulin receptor substrate-1 (37) and insulin receptors (38 -40) , it is plausible that changes in insulin levels may play a role in modulating neuroendocrine function in these brain regions.
Pharmacological doses of insulin have been shown to exert vasodilatory effects, which can potentially affect local blood flow. Although in vitro studies by Zhao et al. (41) and Hasdai et al. (42) suggest that both insulin and IGF have vasodilatory effects on vascular smooth muscle, the in vivo data in both rats (43) and humans (44) suggest that the effects of insulin on cardiac output are minimal, and in the case of diabetes, that changes in vascular tone may be the result of hyperglycemia more than hypoinsulinemia. Nuutila et al. (45) showed that the insulin-induced increase in blood flow occurs much later than the effect of insulin on glucose uptake. More recently, Gudbjornsdottir et al. (46) measured the permeable surface area of insulin and glucose to assess the importance of the vasodilatory effects of insulin and noted that the permeable surface area for glucose was markedly increased by oral glucose, whereas additional vasodilation exerted by high insulin concentrations may not be physiologically relevant for capillary delivery of either glucose or insulin in muscle. In this respect, although blood flow was not measured in our studies, we do not believe that hyperinsulinemia would have altered blood flow significantly during our acute study to amend the interpretation of our results.
In conclusion, we have shown that insulin at high doses can stimulate the HPA axis both centrally and peripherally, effects that are independent of hypoglycemia. Indeed, although insulin activates pituitary-adrenal function to a similar degree in both normal and diabetic rats, the molecular mechanisms that underlie regulation of this response are different in the two groups. More importantly, in normal rats, although hyperinsulinemia per se stimulated the HPA axis, the response was much greater when hyperinsulinemia was associated with hypoglycemia or when the rats were exposed to restraint stress. In diabetic rats, the HPA responses to hyperinsulinemia, hyperinsulinemia, hypoglycemia, and restraint were equal, but were greatly diminished compared with those in normal rats. Based on these results, we propose that the peak response to stress is diminished by diabetes. Moreover, it appears that the ability to grade the HPA response to various forms of stress, which is observed in normal rats, is lost in diabetes and this may be related to defects in the corticosteroid receptor system. This latter finding may have important implications in the way patients with diabetes adapt to stressful stimuli, especially to the metabolic challenge of hypoglycemia. 
